Abstract. To solve the hybrid flow shop scheduling problems with minimum makespan objective, a local search based on the active scheduling technique was proposed. First, a good initial solution was generated by the NEH-based heuristic. Next, a problem-specific local search was developed to improve the initial solution. Last, the experimental results of benchmark instances indicate the effectiveness of the proposed algorithm, which can find the optima for more instances with a small overall average deviation of 3.445% (decreased by 2.359% compared with NEH-based heuristic).
Introduction
Production scheduling is a decision-making process that plays a critical role in manufacturing and service industries. It deals with the allocation of available production resources to tasks over given time periods, aiming at optimizing one or more objective. The hybrid flow shop (HFS) scheduling problems, as one branch of classical flow shop scheduling problems, are much more complex owing to the addition of machine assignment. This type of problems widely exists in practical production systems, such as steel, paper, electronics, petrochemical, and textile industries [1] .
In this paper, we consider the HFS scheduling problems with minimum makespan (denoted as max C ) objective. The complexity of the HFS problems has been proven to be NP-hard even when the problems have only two stages [2] . Therefore, exact algorithms such as branch-and-bound [3, 4] and mixed-integer linear programming can optimally solve the small-size problems. For decades, much more effort has been devoted to searching high-quality solutions in a reasonable computational time by heuristics [5] [6] [7] [8] and metaheuristics [9] [10] [11] . The purpose of this work is to improve the performance of an NEH-based heuristic [7] , and solve the HFS problems in a way we approached using local search (LS).
Problem Formulation
The HFS scheduling problems considered in this paper can be described as follows. There are n independent and simultaneously available jobs to be processed through s stages in series. Stage k has
M ≥ for at least one stage) and has sufficient capacity of buffer storage for work-in-processes. Each machine can process at most one job at a time. Job j has a processing time jk p and has to be processed without preemption by exactly one machine at stage k .
Solution Strategy. By observing the EGT algorithm, the generation process is controlled by a set of priority rules which resolves conflict situations from stage 1 to stage s . For a given complete schedule, if all possible choices from conflict sets are considered, all active schedules close to it will be generated. This neighborhood is called active neighborhood. It is safe and efficient to limit search space to the active neighborhood.
The Proposed Algorithm
Solution Representation. In the proposed algorithm, each solution is simply represented by a string of numbers consisting of a permutation of n jobs denoted by 1, 2, …, n . This permutation-based encoding is commonly used in most of the literature for HFS [5, 8, 10] . Suppose that one solution is represented by (5, 4, 3, 2, 1), which means that the processing sequence is 5 J , 4 J , 3 J , 2 J and 1 J at stage 1.
Decoding. It is notable that the solution encoding given above contains no machine assignment information in each stage. Therefore, we should consider both job sequencing and machine assignment in the decoding process. The common method used in this algorithm is as follows [11] : (1) in the first stage, schedule each job according to their sequence in the solution representation, and assign each job to the first available machine; (2) in the following stages, assign the first available machine for arriving job.
Initial Solution. The NEH was recognized as the highest performing heuristic for the permutation flow shop scheduling problems to minimize the makespan. Guinet and Solomon extended NEH to the HFS problems and outperformed the other heuristics [7] . Therefore, this NEH-based heuristic will be used to generate an initial solution.
The Framework of Local Search. The detailed steps of the proposed algorithm are as follows:
Step 1. Use NEH-based heuristic to generate a sequence
, and decode it into a complete schedule S .
Step 2. jk r is the earliest start time at which job j can be processed at stage k , mk T is the earliest available time of machine m at stage k . Set 1 k = .
Step 3. N is the set of all jobs to be scheduled at stage k , i.e. {1,2,,} Nn = L , and set 1 h = .
Step 4. Find the first available machine f at stage k , compute the minimum completion time Step 6. Repeat
Step 5 until all of the jobs in C are considered.
Step 7. Delete job kh π from N , and let 1 hh =+. If hn < , go to Step 4.
Step 8. Let 1 kk =+. If ks ≤ , then generate the sequence k π according to their completion times at stage k-1, and go to Step 3.
Step 9. Evaluate all of the generated neighbors and output the best one S % with a new sequence k π % % at stage k % . Let SS = % , kk = % , k k ππ = % % , and go to Step 3.
Step 10. Repeat Step 3 to Step 9 until some termination condition is satisfied.
Computational Experiments
Experimental Setup. In our computational experiments, the test instances are 77 benchmarks by Carlier and Néron [3] . The comparison was performed using two algorithms: NEH-based heuristic (simply denoted as NEH) [7] , NEH with extensive search (NEHES) [8] . These three algorithms were table 1 and table 2 that the LS solves to optimality 39 of the 53 instances (73.585%), with a 1.430% overall average percentage deviation. However, the NEH can solve 29 of the 53 instances (54.717%), with a larger deviation that is equal to 3.153%; the NEHES can solve 36 of the 53 instances (67.925%), with a larger deviation that is equal to 1.728%. For the hard instances, these three algorithms can solve only one of the 24 instances (4.167%), but the LS has the smallest average deviation of 7.897%. For the all 77 instances, the LS finds the optima for more instances with a small overall average deviation 3.445% (decreased by 2.359% compared with NEH). For the average computational time in which an algorithm finds the final solutions, the LS is slower than NEH and NEHES, but the average time is just equal to 0.026 s. 
Conclusions
A problem-specific local search was developed to solve the HFS scheduling problems. To evaluate the performance of the LS, it was tested on the well-known benchmark instances by Carlier and Néron.
Computational results show that the LS outperforms the other algorithms.
